Technical Reference on Hydrogen Compatibility of Materials

High-Alloy Ferritic Steels:
Martensitic Stainless Steels
Precipitation Hardening (Fe-Cr-Ni type) (code 1810)

Prepared by:
C. San Marchi, Sandia National Laboratories, Livermore CA

Editors

C. San Marchi

B.P. Somerday

Sandia National Laboratories

This report may be updated and revised periodically in response to the needs of the technical
community; up-to-date versions can be requested from the editors at the address given below or
downloaded at http://www.ca.sandia.gov/matlsTechRef/. The content of this report will also
be incorporated into a Sandia National Laboratory report (SAND2008-1163); the most recent
version can be obtained from the link above. The success of this reference depends upon
feedback from the technical community; please forward your comments, suggestions, criticisms
and relevant public-domain data to:

Sandia National Laboratories

Matls Tech Ref

C. San Marchi (MS-9402)

7011 East Ave

Livermore CA 94550.

This document was prepared with financial support from the Safety, Codes and Standards
program element of the Hydrogen, Fuel Cells and Infrastructure program, Office of Energy
Efficiency and Renewable Energy. Sandia is a multiprogram laboratory operated by Sandia
Corporation, a Lockheed Martin Company, for the United States Department of Energy under
contract DE-AC04-94AL85000.

IMPORTANT NOTICE

WARNING: Before using the information in this report, you must evaluate it and determine if it
is suitable for your intended application. You assume all risks and liability associated with such
use. Sandia National Laboratories make NO WARRANTIES including, but not limited to, any
Implied Warranty or Warranty of Fitness for a Particular Purpose. Sandia National Laboratories
will not be liable for any loss or damage arising from use of this information, whether direct,
indirect, special, incidental or consequential.

@ Sandia National Laboratories






Technical Reference on Hydrogen Compatibility of Materials
High-Alloy Ferritic Steels:
Martensitic Stainless Steels

Precipitation Hardening (Fe-Cr-Ni type) (code 1810)

1. General

The Fe-Cr-Ni martensitic stainless steels are precipitation-strengthened alloys that can be
heat treated to a range of mechanical properties. These alloys are used for their combination of
high strength, high toughness, and corrosion resistance, as well as their ability to maintain
strength to somewhat elevated temperature (up to about 573 K). However, martensitic stainless
steels suffer a loss in toughness at low (subzero) temperature. Additional details are available in
standard references on stainless steels (e.g., Refs. [1, 2]), and from manufacturers’ data sheets.

The available data indicate that Fe-Cr-Ni, precipitation-strengthened martensitic stainless
steels are very sensitive to hydrogen-assisted fracture, a common characteristic of high-strength
alloys, and this degradation of properties increases with increasing strength of the material.
Solution annealed materials appear to be much less sensitive to hydrogen-assisted fracture,
although no tests have been performed in high-pressure hydrogen gas. In general, very little data
exist for these alloys in gaseous hydrogen, thus a few representative reports are cited here that
present data from tests performed with electrolytic precharging.

Based on the available data, this family of alloys is not recommended for service in hydrogen
environments.

1.1 Composition and microstructure

The Fe-Cr-Ni martensitic stainless steels have lower nickel contents than the semi-austenitic
stainless steels with additions of alloying agents not generally associated with the (non-
precipitation strengthened) austenitic alloys, such as aluminum, copper, niobium and titanium.
Table 1.1.1 lists the compositional specification ranges for several common Fe-Cr-Ni martensitic
stainless steels.

1.2 Common designations

Tradenames are commonly used for these alloys. Some of the common alloys are referred to
by the chromium and nickel content, such as 17-4 PH (AISI type 630) and 15-5 PH (ASTM XM-
12), the designation “PH” indicates its status as a precipitation-hardening composition. The
Custom 4xx alloys represent another family of tradenames from this class of alloys. Stainless W
(AISI type 635) is common precipitation-strengthened martensitic stainless steel.

2. Permeability, Diffusivity and Solubility

We are unaware of any permeation and diffusion measurements for this class of materials
exposed to gaseous hydrogen; however, hydrogen diffusion has been measured by
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electrochemical methods. The effective diffusivity is given in Table 2.1 as determined from
several electrochemical studies. The effective hydrogen diffusivity in these materials is several
orders of magnitude greater than the austenitic stainless steels.

3. Mechanical Properties: Effects of Gaseous Hydrogen
3.1 Tensile properties

3.1.1 Smooth tensile properties
Hydrogen precharging of 17-4 PH in 13.8 MPa hydrogen gas at 475 K for 24 hours resulted

in significant loss of reduction of area for smooth tensile specimens tested in air for the solution
annealed (SA) and precipitation-strengthened (H900) conditions [3].

In addition, there are data from electrochemically precharged materials for a variety of alloys
from this family. These studies indicate modest changes in properties in the solution annealed
condition [4, 5], and significant degradation of strength and ductility in the precipitation-
strengthened conditions [3-6].

3.1.2 Notched tensile properties

The notched tensile strength of solution-annealed and precipitation-hardened 17-4 PH was
not affected by testing in 2 atmospheres of hydrogen gas [7]. However, evaluation of the fracture
surfaces indicated a change in fracture mode [7], which suggests that notched tensile strength
may not be an adequate metric for hydrogen-assisted fracture at lower gas pressures. The
notched tensile strength is likely degraded in high fugacity hydrogen.

3.2 Fracture mechanics

The fracture toughness of 17-4PH martensitic stainless steel is substantially reduced when
tested in hydrogen gas, Table 3.2.1. The fracture toughness is reduced by more than 50% for the
solution-annealed condition in 69 MPa hydrogen gas, and this reduction increases with strength
to almost 90% for the peak-aged condition [8]. These data also show that the susceptibility to
hydrogen-assisted fracture increases with gas pressure.

3.3 Fatigue

Crack growth rates in 17-4 PH were significantly increased in 2 atmospheres of hydrogen gas
[9]. Fracture surfaces from these fatigue specimens show less plasticity in the fracture process
compared to tests in air.

3.4 Creep
No known published data in hydrogen gas.

3.5 Impact
No known published data in hydrogen gas.
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3.6 Disk rupture testing

Disk rupture tests show that martensitic stainless steels (such as 17-4PH and PH13-8Mo) are
extremely sensitive to hydrogen-assisted fracture in gaseous environments [10].

4. Fabrication

Precipitation-hardening martensitic stainless steels have considerable variation in alloy
composition and are available in a range of product forms; nevertheless, the limited data suggest
that this class of stainless steels is very susceptible to hydrogen-assisted fracture both prior to
and after aging.

4.1 Primary processing

Forming and machining operations are generally performed in the solution-annealed (SA)
condition, which disrupts the oxide that forms during solution annealing in air. It has been
suggested in the literature that solution-annealing finished parts of 17-4 PH prior to precipitation
hardening results in a uniform oxide that prevents hydrogen uptake during electrochemical
precharging [3]. This study also proposes extended precipitation-strengthening heat treatments in
oxygen to achieve a robust and continuous oxide. The kinetics of hydrogen transport through the
oxides on these alloys has not been reported.

4.2 Heat treatment

The material is typically distributed in the solution annealed condition (SA) and heat treated
to the desired properties. Heat treatments are most commonly designated by the letter “H” and
temperature in degrees Fahrenheit, such that H900 indicates precipitation strengthening at 900°F
(755 K).

4.3 Properties of welds

The martensitic stainless steels are readily weldable with filler wire that matches the base
material, although austenitic stainless steel (300-series) filler wire can be used to produce joints
with lower strength then the base material [1].
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Table 1.1.1. Compositions (wt%) of several common commercial precipitation-strengthened martensitic stainless steels of the Fe-Cr-
Ni type [11].

UNS Common
No Name Fe Cr Ni Mo Cu Al Nb Ti Mn Si C | other
(AISI/ASTM)
17400 17-4 PH Bal 15.0 3.00 - 3.00 - 0.15 - 1.00 1.00 0.07 | 0.040 max P;
(Type 630) a 17.5 5.00 5.00 0.45 max max Max | 0.030 max S
S15500 15-5 PH Bal 14.00 3.50 - 2.50 - 0.15 - 1.00 1.0 0.07 | 0.040 max P;
(XM-12) 15.50 5.50 4.50 0.45 max max max | 0.030 max S
S13800 PH 13-8 Mo Bl | 1225 | 750 | 200 | ] 090 | | 020 | 010 | 0.05 8'8} o I;f
(XM-13) 13.25 8.50 2.50 1.35 max max max ' :
0.008 max S
S45500 Custom 455 Bal 11.00 7.50 0.50 1.50 - 0.10 0.80 0.50 0.50 0.05 | 0.040 max P;
(XM-16) 12.50 9.50 max 2.50 0.50 1.40 max max max | 0.030 max S

1810 -5



High-Alloy Ferritic Steels

Precipitation Hardening Martensitic Stainless

Table 2.1. Hydrogen diffusivity in precipitation-strengthened martensitic stainless steels (Fe-Cr-
Ni type) at room temperature.

Material Condition} Method lefuzs vity Ref.
(m?/s)

SA 0.46 x 107

17-4 PH Electrochemical [5]
H900 0.28 x 107%F
SA 2.74x 107

17-4 PH H900 Electrochemical 0.97 x 107'%f [7]
H1025 0.81 x 10"+

i SA = solution annealed; H900 = aged at 755 K; H1050 = aged at 839 K
1 effective diffusivity (Desr)

Table 3.2.1. Fracture toughness of precipitation-strengthened martensitic stainless steels (Fe-Cr-
Ni type) at room temperature; measured in external hydrogen gas.

. Thermal Test Sy Ko i

Material Test method precharging | environment | (MPa) | (MPa) Ref.
None 69 MPa He 97

17-4PH .

SA C-specimen None 3.5MPaH, | (28)F 71 [8]
None 69 MPa H, 31
None 69 MPa He 104

17-4PH .

H817 C-specimen None 3.5MPaH, | (38)f 31 [8]
None 69 MPa H, 20
None 69 MPa He 97

17-4PH .

H950 C-specimen None 3.5MPaH, | (42)F 29 [8]
None 69 MPa H, 13
None 69 MPa He —

%171_? (I)g{ C-specimen None 3.5MPaH, | (35)f 57 [8]
None 69 MPa H, 34

SA = solution annealed (1339 K, 2 h); H817 = underaged (SA + 719 K, 1h); H950 = peak
aged (SA + 783 K, 1 h); H1100 = overaged (SA + 866 K, 1 h)
1 Rockwell hardness, scale C
I not clear if plane strain requirements are met in these studies
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